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ABSTRACT 

Thermal expansion determinations were made on two aluminum a l l o y s  
and t h r e e  s t a i n l e s s  s tee l  a l l o y s  i n  the temperature range from 4" t o  
300°K. The experimental apparatus  i s  descr ibed,  and t h e  a n a l y t i c a l  
procedures which were r equ i r ed  t o  reduce the  d a t a  accu ra t e ly  t o  a 
usab le  form are discussed.  The d a t a  a r e  presented i n  both t a b u l a r  and 
g r a p h i c a l  form, and both l i n e a r  c o e f f i c i e n t  of expansion and t o t a l  
percentage of expansion as a funct ion of temperature are given. 
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TECHNICAL MEMORANDUM X-53436 

LOW TEMPERATURE THERMAL EXPANSION 
OF STRUCTURAL METALS 

SUMMARY 3/a3.=2 
An apparatus  f o r  the  determinat ion of low temperature l i n e a r  thermal 

expansion of metals and plast ics  i n  the temperature range from 4" t o  300°K 
i s  descr ibed .  
(MEU) on Contract  NAS8-835, under the  t echn ica l  d i r e c t i o n  of the Mater ia l s  
Div is ion ,  and was subsequently del ivered t o  MSFC and i n s t a l l e d  i n  the  thermal 
p r o p e r t i e s  l abora to ry  of t h i s  d iv i s ion .  The thermal expansion determinat ions 
descr ibed i n  t h i s  r e p o r t  were made t o  provide use fu l  engineer ing da ta  and 
q u a l i f i c a t i o n  and c a l i b r a t i o n  of t he  apparatus .  

The apparatus  was developed by Midwest Research I n s t i t u t e  

Modif icat ions made t o  the  apparatus t o  pe rmi t  automatic da t a  record ing  
a r e  d iscussed ,  and the  da t a  reduct ion process r e s u l t i n g  from these  modifi- 
c a t i o n s  a r e  discussed i n  d e t a i l .  It is  shown t h a t  data  p o i n t s ,  taken under 
equi l ibr ium cond i t ions ,  a r e  poss ib le  a t  i n t e r v a l s  of 1O0K, which produces 
an extremely smooth and accura te  da t a  curve.  

Determinations were made of t h e  l i n e a r  c o e f f i c i e n t  of thermal expan- 

The 
s i o n  f o r  321, 347, and 355 s t a i n l e s s  steels, and 2017-T4, 6061-T6, and 
6061-T651 aluminum a l l o y s  i n  the  temperature range from 10" to  300°K. 
c a l i b r a t i o n  and q u a l i f i c a t i o n  run was made on 347 s t a i n l e s s  steel s ince  
MRI had made c a l i b r a t i o n  runs on the  same ma te r i a l .  Comparison of t he  
da t a  from t h i s  run  wi th  the  MRI da ta  ind ica t e s  e x c e l l e n t  agreement. 

Data from a l l  determinat ions are  presented i n  both t a b u l a r  and gra&-  
i c a l  form and both l i n e a r  c o e f f i c i e n t  of expansion and t o t a l  percentage 
expans ion  a r e  given. 

The apparatus  is  shown t o  be capable of determining t h e  l i n e a r  c o e f f i -  
c i e n t  of thermal expansion i n  the  temperature range from 10" to  300°K with 
an accuracy of 22.0 percent .  

INTRODUCTION 

The ex tens ive  use of cryogenic propel lan ts  i n  most l a r g e  launch 
v e h i c l e  systems has c rea ted  a need f o r  accura te  measurement of t h e  thermal 
p r o p e r t i e s  of s t r u c t u r a l  ma te r i a l s  down t o  the  temperature of l i q u i d  



hydrogen (20'K). The l a r g e  p rope l l an t  tanks of these v e h i c l e s  serve not  
only a s  propel lant  con ta ine r s  but  a l s o  a s  an i n t e g r a l  

I Thus, t h e  low temperature thermal expansion of the tank ma te r i a l s  i s  i m -  
po r t an t  t o  t he  veh ic l e  des igne r .  The p rope l l an t  tanks w i l l  be cooled from 
ambient t o  cryogenic temperature when f i l l e d ,  thus r e s u l t i n g  i n  o v e r a l l  
con t r ac t ion ;  however, they s t i l l  must mate properly with the  main t h r u s t  
s t r u c t u r e ,  which i s  s t i l l  a t  ambient temperature,  without  producing undue 
stress a t  the connections.  

p a r t  of t he  s t r u c t u r e .  

A s  an example, the Saturn V l i q u i d  oxygen tank i s  1,000 cent imeters  
i n  diameter,  with a circumference of 3,140 cent imeters .  The tank i s  con- 
s t r u c t e d  of aluminum and, during cooldown from ambient temperature (300'K) 
t o  l i q u i d  oxygen temperature (92'K), undergoes a thermal con t r ac t ion  of 
1 1 . 6  cent imeters ,  which must be absorbed by the t h r u s t  and load s t r u c t u r e s .  
It i s  necessary f o r  the designer  t o  know the thermal expansion (or contrac-  
t i o n )  f o r  the va r ious  a l l o y s  of aluminum o r  o the r  s t r u c t u r a l  m a t e r i a l s  
which might be used t o  provide an allowance f o r  t h i s  c o n t r a c t i o n .  

To provide t h i s  information, a low temperature thermal expansion 
apparatus was developed by MRI on c o n t r a c t  NAS8-835 under t h e  t echn ica l  
supervis ion of the Mater ia ls  D iv i s ion .  This apparatus  subsequently was 
de l ive red  and i n s t a l l e d  i n  the thermal p r o p e r t i e s  l abora to ry  of t h i s  
d i v i s i o n .  The thermal expansion determinat ions t o  be descr ibed were made 
t o  provide use fu l  engineer ing des ign  d a t a  and q u a l i f i c a t i o n  and c a l i b r a t i o n  
da ta  f o r  t h i s  apparatus .  

THERMAL EXPANS I O N  

A t  absolute  zero (O'K), when the atoms i n  a s o l i d  a r e  a t  res t  
(neglect ing the quantum-mechanical zero po in t  energy) , t he  a c t u a l  volume 

any o the r  temperature ( T ) ,  when the  atoms a r e  not  a t  res t  bu t  a r e  v i b r a t i n g  
about t h e i r  equi l ibr ium p o s i t i o n s ,  the volume of t he  s o l i d  i s  g r e a t e r  
because o f  t h e  r e s u l t i n g  thermal expansion. 

I of the s o l i d  w i l l  be t h a t  f o r  which the  energy i s  a minimum ( r e f .  1). A t  

I f  t he  expansion i n  only one d i r e c t i o n  ( l i n e a r  expansion) i s  considered , 
a small change i n  temperature ( d T )  produces a small  change i n  length (dL) 
and allows the d e f i n i t i o n  of a l i n e a r  c o e f f i c i e n t  of thermal expansion, 
a lpha,  

1 dL 
L dT 

CY = - -  

where L i s  t h e  i n i t i a l  l eng th ;  
dL i s  the change i n  l eng th ;  
dT i s  the change i n  temperature.  

(equat ion 1 ( r e f .  2 ) )  
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Thus, the c o e f f i c i e n t  i s  ac tua l ly  the  instantaneous s lope  of t h e  
l i n e  r e s u l t i n g  from a p l o t  of sample length versus  temperature. 

From t h i s  r e l a t i o n ,  an expression r e l a t i n g  the  sample length  t o  
i n i t i a l  length a t  any temperature may be obtained. Since 

1 d L  
O=z dT 

sep ar a t ing v a r  i ab 1 e s 

i n t e g r a t i n g  

1 n L  = C Y T + C  

taking an t i logar i thms of both sides 

L =  e x p c e x p  (UT) = D exp ( U T )  

evalua t ing  the  cons tan t  I) f o r  the i n i t i a l  condi t ions  t h a t  a t  T = 0 ,  
L = Lo, the length  a t  temperature, T, 

$ = Loexp CYT =Lo (1  + CYT) (equation 2) 

The proper use  of t h i s  r e l a t i o n  r equ i r e s  t h a t  t h e  c o e f f i c i e n t  be 
cons tan t  wi th in  the  temperature range of i n t e r e s t  o r  t h a t  i t  be averaged 
over t h e  tenpera ture  range from T = 0 t o  T = T, 

L., - L1 
(equation 3) 

where L2 and L 1  are the  lengths  at  temperature T2 and TI respec t ive ly .  
This quan t i ty  i s  t h e  average value of t h e  s lope of the  length  versus  
temperature p l o t .  
c o e f f i c i e n t  of l i n e a r  thermal expansion and can d i f f e r  from the  t r u e  va lue  
by an apprec iab le  mount  i f  t h e  temperature span is  wide .  

- - .  
It should be noted t h a t  @'average i s  not  t he  t r u e  

I n  an i s o t r o p i c  substance,  t h e  c o e f f i c i e n t  of volume expansion, be ta ,  
i s  simply th ree  t i m e s  alpha.  However, i f  a material i s  an i so t rop ic ,  t he  
l i n e a r  c o e f f i c i e n t  i s  found t o  vary a s  the  l i n e  along which i t  i s  observed 
takes  d i f f e r e n t  o r i e n t a t i o n s  with respect  t o  the  c r y s t a l  axes ( r e f .  3). 
I n  gene ra l ,  i t  i s  poss ib le  t o  choose th ree  d i r e c t i o n s  orthogonal (not 
n e c e s s a r i l y  t h e  c rys ta l lographic  axes) such t h a t  t he  l inear  c o e f f i c i e n t  
of expansion of the  th ree  axes descr ibes  the expansion of the c r y s t a l  as 
a whole. 

3 



I n  many s o l i d s ,  h y s t e r e s i s  i s  observed ( r e f .  2) .  When these s o l i d s  
a r e  heated and subsequently cooled, they do not regain t h e i r  o r i g i n a l  
dimensions. This i s  expected i n  p o l y c r y s t a l l i n e  m a t e r i a l s  because of t he  
v a r i a t i o n  i n  s i z e  of  t he  ind iv idua l  g r a i n s  and t h e i r  purely-random packing 
( r e f .  3 ) .  
g r a i n s  may be produced during a heating-cooling cyc le  and t h i s  i s  n o t  a 
r e v e r s i b l e  process.  It i s  o f t e n  h e l p f u l  t o  make hardness determinat ions 
on a sample before and a f t e r  making a t e s t  run t o  i n s u r e  a g a i n s t  m i s -  
i n t e r p r e t a t i o n  of resu l t s  caused by t h i s  e f f e c t  ( r e f .  4 ) .  

Large a l t e r a t i o n s  i n  the s i z e  and arrangement of t h e  c r y s t a l l i n e  

EXPERIMENTAL, APPARATUS 

The apparatus used has been f u l l y  descr ibed i n  the open l i t e r a t u r e  
( r e f .  5 ) ,  and only a b r i e f  resume of the bas i c  ope ra t ion  w i l l  be included 
i n  t h i s  r epor t .  The basic  measuring arrangement i s  shown $n block form 
i n  FIG 1 and i n  d e t a i l  i n  FIG 2 and 3. It  c o n s i s t s  of f i v e  major 
elements: (1) measuring head, (2) i n t e r f e romete r ,  (3) pho tomul t ip l i e r  
d e t e c t o r ,  ( 4 )  photometer, ampl i f i e r ,  and (5) recorder  and readout.  

The measuring head i s  suspended i n  a deep double-wall, s i l v e r e d -  
g l a s s  dewar containing the appropriate  cryogenic f l u i d .  Sample temperature 
i s  c o n t r o l l e d  by a s m a l l  hea t e r  (10 tu rns  of 28 gauge constantan w i r e  
wrapped around the sample ho lde r ) ,  and the sample  expansion i s  t r ansmi t t ed  
t o  the lower Fizeau in t e r f e romete r  p l a t e  through a qua r t z  rod d r iv ing  
a p r e c i s i o n  metal p i s t o n .  Movement of the lower p l a t e  with r e s p e c t  t o  
the f i x e d  upper Fizeau p l a t e  (caused by expansion o r  c o n t r a c t i o n  of the 
specimen) r e s u l t s  i n  themovement of the i n t e r f e r e n c e  f r i n g e  p a t t e r n  i n  
d i r e c t  proport ion t o  the movement of the specimen. A p o r t i o n  of t he  near  
f i e l d  p a t t e r n  i s  focused on the f i r s t  dynode of  a s i x - s t a g e  e l e c t r o n  mul t i -  
p l i e r  photodetector by means of appropr i a t e  o p t i c s  a l igned  a x i a l l y  with 
the in t e r f e romete r  co l l ima to r .  A s  the  f i e l d  p a t t e r n  changes from a b r i g h t  
f r i n g e  t o  a dark f r i n g e ,  the change i n  i n t e n s i t y  i s  de t ec t ed  by the e l e c t r o n  
m u l t i p l i e r ,  amplified i n  the photometer ampl i f i e r ,  and displayed on a 
potent iometr ic  recorder .  The apparatus  w a s  modified a t  t h i s  Center by 
equipping the r eco rde r  with a cam-driven microswitch which conve r t s  t he  
vo l t age  swing t o  d r ive  a d i g i t a l  counter .  
t o t a l  number of f r i n g e s  d i r e c t l y ;  t hus ,  t he  expansion of the sample i s  
determined e a s i l y .  

The counter  then reads t h e  

c 

L 

Temperature measurement i s  accomplished by copper constantan thermo- 
couples  us ing  a 32°F reference.  The thermocouple p o t e n t i a l s  a r e  read 
with a K - 3  potentiometer u t i l i z i n g  a Zener s t a b i l i z e d  working vo l t age  
source and a r e  converted t o  equ iva len t  temperature r ead ings  by the  use 
of NBS standard t a b l e s  ( r e f .  6 ) .  

4 
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MEASUREMENT TECHNIQUE 

Cryogenic f l u i d  i s  t r a n s f e r r e d  i n t o  the dewar, and the  sample temp- 
e r a t u r e  i s  monitored u n t i l  t he  sample reaches equi l ibr ium, as i n d i c a t e d  
by the temperature and by the  f r i n g e  counter ( s t a t i o n a r y  f r i n g e  p a t t e r n ) .  
Then, vo l t age  i s  app l i ed  t o  the sample hea te r  u n t i l  the  f r i n g e  p a t t e r n  
begins to move. Heater vo l t age  i s  kept  cons t an t  u n t i l  the  sample aga in  
reaches equ i l ib r ium as ind ica t ed  by both the  temperature and the  f r i n g e  
p a t t e r n .  The h e a t e r  vo l t age  i s  increased by another s m a l l  increment, and 
t h i s  technique i s  continued throughout t he  run .  Temperature and t o t a l  
f r i n g e  counts  a t  t h a t  temperature a r e  recorded a t  i n t e r v a l s  of approximately 
t en  degrees throughout t h e  run. 

DATA REDUCTION 

Since the passage of one f r i n g e  r ep resen t s  a change of one-half  
wavelength i n  pa th  d i s t a n c e  between the two in t e r f e romete r  p l a t e s ,  t he  
expansion o r  change i n  sample length i s  

where 
.- 

d = N h/2 

d i s  the change i n  length 
N i s  the number of f r i n g e s  
A i s  the wavelength 

The in t e r f e romete r  i s  ope ra t ing  from the 5461 Angstrom green l i n e  
of mercury ( f i l t e r e d )  so each f r i n g e  r ep resen t s  a length change of 2730 
Angstroms, o r  2.73 x cent imeters .  The t o t a l  number of f r i n g e s  a t  
a given temperature and the  sample i n i t i a l  length (a t  ambient temperature) 
i s  known; t h e r e f o r e ,  a p l o t  of sample l eng th  as a funct ion of temperature 

may be obtained.  The l i n e a r  c o e f f i c i e n t  of thermal expansion may be 
obtained d i r e c t l y  from t h i s  p l o t  by taking a uniform increment of temp- 
e r a t u r e ,  measuring t h e  change i n  length over t h i s  temperature span, and 

a = ,  1 L2 - L1 (equation 4 ( r e f .  2 ) )  
L1 T2 - T 1  

where a i s  the  l i n e a r  c o e f f i c i e n t  of the expansion i n  cm/cm OK; 

L 1  i s  the length a t  temperature TI;  
L2 i s  the  length a t  temperature T2; 
TI' i s  the i n i t i a l  temperature; 
T2 i s  the  f i n a l  temperature. 

5 



This ,  of course,  i s  the value of a lpha averaged over the temperature 
span from TI to T2 and no t  the p o i n t  s lope;  however, i f  t he  temperature 
span i s  n o t  too wide, i t  i s  a c l o s e  approximation t o  the  t r u e  value.  

The p l o t  of length as a func t ion  of temperature a l s o  served as a 
b a s i s  f o r  t h e  tot’al percentage expansion d a t a  i n  which 

percent  expansion = L~ - L 3 ~ ~  
L300 (300-T) 

(equation 5 ( r e f .  7 ) )  

where LT i s  the length a t  temperature (T) and L300 i s  the l eng th  a t  300°K. 

INTERFEROMETRIC TECHNIQUE ERRORS 

There were t h r e e  primary sources of e r r o r  i n  the i n t e r f e r o m e t r i c  
method of determining thermal expansion as o r i g i n a l l y  proposed and b u i l t  
by Fizeau ( r e f .  2 ) .  These were e r r o r s  caused by (1) the  change i n  wave- 
l eng th  r e s u l t i n g  from the change i n  index of r e f r a c t i o n  of t he  a i r  be- 
tween the  p l a t e s  as the temperature and p res su re  change ( r e f .  a ) ,  ( 2 )  
the inc rease  i n  o p t i c a l  pa th  length r e s u l t i n g  from the thermal expansion 
of the interferometer  p l a t e s  ( r e f .  9 ) ,  and (3) t i l t i n g  of t he  i n t e r f e r o -  
meter p l a t e s  by nonuniform expansion of the samples ( r e f .  8 and 10).  The 
instrument designed by MRI has  e l iminated these sources  of e r r o r  by 
removing the interferometer  p l a t e s  from the heated ( o r  cooled) a r e a  and 
using a s i n g l e  sample with a p r e c i s i o n  f i t t e d  metal p i s t o n  t o  a s su re  
continuous alignment ( r e f .  5 ) ,  as shown i n  FIG 2 .  This approach had been 
used before  ( r e f .  l o ) ,  bu t ,  while e l imina t ing  the  t h r e e  sources of e r r o r ,  
i t  had introduced an a d d i t i o n a l  l a r g e r  e r r o r .  This w a s  due t o  the long 
qua r t z  rod which was used t o  t ransmit  the specimen expansion t o  the 
in t e r f e romete r  p l a t e s .  Due t o  the l eng th  of t h i s  rod ( d e s p i t e  the low 
thermal expansion of q u a r t z ) ,  the  t o t a l  change i n  l eng th  of t he  rod was 
appreciable .  MRI compensated f o r  t h i s  e f f e c t  by support ing the specimen 
on the bottom of a qua r t z  tube enclosing the measuring head. A s  temper- 
a t u r e  inc reases ,  the rod w i l l  g e t  longer and move the  measuring p i s t o n  
up; the ou te r  quartz  tube a l s o  w i l l  i n c r e a s e  i n  l eng th ,  downward, which 
w i l l  lower the sample and qua r t z  rod. I f  the temperature of the q u a r t z  
rod and the  quartz tube a r e  the same ( o r ,  more a c c u r a t e l y ,  i f  t he  thermal 
g r a d i e n t s  a r e  the same) and the two are equal  i n  l eng th ,  the t o t a l  system 
i s  compensated, and the n e t  movement i s  zero.  I n  t h i s  appa ra tus ,  a s m a l l  
d i f f e r e n c e  i n  length does e x i s t  between the q u a r t z  rod and t h e  qua r t z  tube.  
However, h e a t  i s  appl ied d i r e c t l y  t o  the sample by an enclosing c y l i n d e r ,  
and the only heat  input  t o  the qua r t z  rod and tube i s  by conduction from 
the sample through a s m a l l  c o n t a c t  a r e a .  Add i t iona l ly ,  t he  o u t e r  tube 
i s  i n  o p t i c a l  con tac t  with t h e  surrounding n i t r o g e n  dewar and enc loses  
the  qua r t z  rod, which should ensure the maintenance of an equal  thermal 
g rad ien t .  For these reasons,  no qua r t z  c o r r e c t i o n  t e r m s  were app l i ed .  
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DISCUSSION OF DATA 

Determinations were made of the l i n e a r  c o e f f i c i e n t  of thermal ex- 
pansion f o r  s ix  materials, t h ree  300 s e r i e s  s t a i n l e s s  s t e e l  samples and 
t h r e e  aluminum samples. 
treatment.  
expansion c o e f f i c i e n t  produced by h e a t  t reatment .  

Two of the aluminum samples d i f f e r e d  only i n  h e a t  
They were d e l i b e r a t e l y  chosen t o  i l l u s t r a t e  t he  change i n  

The c a l i b r a t i o n  and q u a l i f i c a t i o n  run w a s  made with a sample of  347 
s t a i n l e s s  s tee l  s i n c e  MRI  had made c a l i b r a t i o n  runs on the same material 
when t h e  apparatus  w a s  i n s t a l l e d  i n  t h e i r  l a b o r a t o r i e s .  
p l o t  of l i n e a r  c o e f f i c i e n t  of thermal expansion as a func t ion  of temper- 
a t u r e  f o r  347 s t a i n l e s s  s t e e l .  Figure 5 i s  a p l o t  of pe rcen t  expansion 
as a func t ion  of temperature p l o t t e d  from equation ( 5 )  f o r  347 s t a i n l e s s  
steel with t h e  MRI d a t a  p l o t t e d  f o r  comparison. 
i n d i c a t e s  t h e  e x c e l l e n t  agreement obtained: 

Figure 4 i s  a 

The following t a b l e  

PERCENT EXPANSION 

347 S t a i n l e s s  S tee l  

Temp. (OK) - MRI - MSFC Difference X Error  

2 50 
200 
150 
100 
50 

0.079 0.080 
0.154 0.155 
0.218 0.220 
0.220 0.226 
0.297 0.306 

. O O l  1.25 

. O O l  0.65 

.002 0.9 

.006 2.17 

.009 2.94 

Both t h e  MRI sample and the MSFC sample had a Rockwell B hardness of 
84-87 p r i o r  t o  t e s t i n g  and 89-93 af ter  t e s t i n g .  

With t h i s  run,  t he  apparatus w a s  considered t o  be f u l l y  q u a l i f i e d  
and c a l i b r a t e d ,  and t h e  subsequent determinations on t h e  o t h e r  samples 
were made on t h i s  b a s i s .  These a r e  shown i n  FIG 6 through 14, i n  graphic  
form, and i n  Tables 1 and 2 .  

The h y s t e r e s i s  e f f e c t  i s  i l l u s t r a t e d  g r a p h i c a l l y  i n  FIG 10 and 11. 
Two s e p a r a t e  runs were made on a sample of 6061-T651 aluminum a l l o y .  
sample w a s  cooled t o  l i q u i d  helium temperature and then brought back t o  
ambient temperature f o r  a per iod of s eve ra l  days before  the second run 
w a s  made. The change i n  the l i n e a r  c o e f f i c i e n t  of thermal expansion due 
t o  rearrangement of the g r a i n  s t r u c t u r e  durzlng the  heat ing-cool ing cyc le  
can  be e a s i l y  seen i n  both FIG 10 and 11. 

The 

F i g u r e  12 i l l u s t r a t e s  t he  d i f f e rence  i n  expansion c o e f f i c i e n t  f o r  
two samples of t he  same aluminum a l l o y ,  6061, d i f f e r i n g  only i n  h e a t  
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t reatment .  
i n  being s t r e s s  r e l i e v e d .  The d i f f e rence  i n  expansion c o e f f i c i e n t  f o r  
t h i s  r e l a t i v e l y  minor change i s  r e a d i l y  apparent.  

I n  general ,  t he  -T651 cond i t ion  d i f f e r s  from the -T6 condi t ion 

Hardness determinations were made on a l l  specimens a f t e r  t e s t s  and 
were compared to  nominal va lues  f o r  the ma te r i a l .  The aluminum a l l o y s  
decreased i n  hardness by about 20 pe rcen t ,  and the s t a i n l e s s  s t e e l  a l l o y s  
increased in  hardness ( i n d i c a t i n g  a p a r t i a l  t r a n s i t i o n  from a u s t e n i t i c  
t o  m a r t e n s i t i c )  by a s m a l l  percentage.  Both r e s u l t s  normally a r e  ex- 
pected f o r  the p a r t i c u l a r  m a t e r i a l s  involved and p r imar i ly  serve as a 
warning aga ins t  making successive determinat ions on t h e  same ma te r i a l  
un le s s  t he  material i s  heat  t r e a t e d  t o  the o r i g i n a l  cond i t ion  before  the  
second run i s  made. 

A l l  specimens displayed the smooth curve expected f o r  both c o e f f i c i e n t  
of expansion and percent  expansion. The d a t a  p o i n t s ,  i n  almost a l l  c a s e s ,  
l i e  completely on the curve; thus,  an averaging o r  s t a t i s t i c a l  r educ t ion  
process  was n o t  r equ i r ed  t o  produce the a c t u a l  curve.  Figure 16 shows a 
p o r t i o n  of the p l o t  of length versus  temperature f o r  321 s t a i n l e s s  s t e e l  
with the a c t u a l  d a t a  p o i n t s  from the d i g i t a l  counter  and i l l u s t r a t e s  
g raph ica l ly  the  extreme uniformity of the numerical d a t a  produced by t h i s  
appara tus .  

CONCLUSIONS 

1. The apparatus i s  f u l l y  q u a l i f i e d  and c a l i b r a t e d .  

2 .  The apparatus i s  capable of determining the  l i n e a r  c e f f i c i  t 
of thermal expansion i n  the range from 4" t o  300°K with e x c e l l e n t  accuracy. 

3 .  Modifications t o  the apparatus have automated f u l l y  the f r i n g e  
counting mechanism, increased the accuracy, and reduced ope ra to r  t i m e  
considerably.  
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TABLE 1 

EXPERIMENTAL VALUES OF THE LINEAR COEFFICIENT OF THERMAL EXPANSION 

C M / M  "K 

321 347 355 2017-T4 6061-T6 6061-T651 
Temperature, "K ss ss ss A1 Alloy A1 Alloy A1 Alloy 

12.5  
37.5 
62.5 
87.5 

112.5 
137.5 
162.5 
187.5 
212.5 
237.5 
262.5 
287.5 

0.15 
1.52 
5.52 
8.64 

10.66 
11.84 
12 90 
13.84 
14.66 
15.04 
15.52 
16.06 

0.07 
0.59 
4.89 
7.89 
0.98 

11.76 
13.14 
13.92 
14.70 
15.21 
15.52 
16.22 

0.19 0.15 0.35 
0.74 1.78 2.76 
4.38 6.76 7.46 
5.64 10.79 11.73 
6.78 14.22 13.78 
7.49 16.27 15.48 
8.28 18.24 17.37 
8.48 19.46 18.82 
9.61 20.71 20.19 

10.08 21.25 21.24 
10.71 21.83 21.78 
11.10 23.59 22.72 

0.47 
3.63 
7.47 

10.47 
12.88 
15.20 
17.17 
18 .43  
19.64 
21.13 
22.22 
22.92 
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